With the evident climatic threats and the limitation of agronomic information for the bean crop, the use of agricultural models is necessary to broaden and disseminate technical knowledge of crop forecasting. The aim of this work was to evaluate the FAO AquaCrop model for bean crop under different levels of irrigation water in agrometeorological conditions of Northeastern Brazil at megatheramal and humid climate. The research was conducted in the period from 11/17/2015 to 02/01/2016. The experimental design was randomized block with four replicates. Treatments were composed of six levels of irrigation on the basis of crop evapotranspiration (ETc) fractions (25, 50, 75, 100, 125 and 150% of ETc). The irrigation effect was evaluated from biomass, dry matter and grain yield data that were observed and simulated using Aquacrop model. One linear meter of plants was collected every 10 days for biometric and destructive analyses. In addition, the soil water content simulated from model was compared with measurements performed by time domain reflectometry. The AquaCrop model was calibrated for common bean during the dry season (October to March) for the region in the 2015/2016 harvest season using experimental data for 100% of ETc. The accuracy of the calibration and validation model was evaluated based on the root mean square error (RMSE), Willmott's index of agreement (d), correlation coefficient (r) and percentage deviation (D). The model showed good performance between observed and simulated values for soil water content, dry biomass accumulation and grain yield in several water conditions and can assist decision making and water management in irrigated crops.
Introduction
Common bean (Phaseolus vulgaris L.) is a crop of great importance for the Brazilian population, cultivated by farmers of different profiles at different scales, regions and production systems (Souza et al., 2016) . Although this legume is considered a tropical crop with wide environmental adaptation, its productivity is still considered low (827 kg ha-1). The main causes for the low yield are the technologies used in cultivation and irregular meteorological factors. The low adoption of technologies, such as the inadequate use of irrigation and traditional cultivars with low productive potential, contributes to the reduced agricultural yield (CONAB, 2017) . Irregular use of water resources is one of the main factors limiting production. Thus, adequate water management, especially irrigation, is necessary to obtain maximum crop yield (Tamagi et al., 2016; Aamaas and Peters, 2017) . It is emphasized that about 60% of the world's bean production are cultivated under conditions of water stress, either due to water excess or deficit in soil during the production cycle (CONAB, 2017) . The effects of water stress are initially expressed in gas exchange alterations, which compromise production and translocation of photoassimilates and biomass accumulation, resulting in reduced productivity (Mathobo et al., 2017; Polón-Pérez et al., 2017) . Climate change and the small number of agronomic field trials have shown that the use of calibrated and validated mathematical models of crop forecasting can be useful to generate information about bean crop in future climatic scenarios. These models are used to study the effects and interactions of environmental conditions and can simulate scenarios under different soil and atmosphere conditions and assist irrigation planning and agricultural management (Homayununfar et al., 2014; Singh, 2014) . The FAO AquaCrop agrometeorological model ) is ideal for simulation due to its easy calibration and few input requirements, maintaining a balance between simplicity, precision and robustness, compared to other models (Beletse et al., 2011; Bello et al., 2011; Mabhaudhi et al., 2014) . AquaCrop is mainly focused on biomass simulation and crop yield in response to available water Steduto et al., 2009; Abedinpour et al., 2012) . According to Ahmadi et al. (2015) , since the AquaCrop model was released in January 2009, it has been able to simulate the yield and biomass of different crops under field conditions and soil water balance in various environmental conditions and irrigation regimes such as maize (Nyakudyaa and Stroosnijder 2014) , cotton (Garcia- Vila et al., 2009) , sunflower (Stricevic et al., 2011) , wheat (Kumar et al., 2014) , soybean (Khoshravesh et al., 2013) , among others. However, the Food and Agriculture Organization of the United Nations (FAO) growth and crop production model (AquaCrop) has been narrowly used for common bean. Therefore, obtaining technical-scientific information to support the crop development and promote increased productivity with competitive economic returns is essential. The aim of this work was to evaluate the FAO AquaCrop model for bean crop under levels of irrigation water from the agrometeorological conditions of Northeastern Brazil in megatheramal and humid climate.
Results and Discussion

Weather conditions and soil water content
During the bean crop cycle (17/11/2015 to 01/02/2016), total rainfall was 291.6 mm, with irregular distribution. Thus, mean per rain event of 3.8 mm and frequency of approximately 1 event every 2.2 days were observed, corresponding to 45.4% of days with precipitation (Magalhães et al. (2017) . Figure 1 shows simulation results for SWC (0-30 cm) of common bean crop in the region of Rio Largo-AL. The simulated values, as well as those measured in the field, corresponded to the water supply in the soil (irrigation and precipitation) of treatments with 25 and 50% of ETc. It was also observed that there was an underestimation in the period between 10° and 35°C, when flowering began, except for the 75, 100 and 125% of ETc, in which the model overestimated the simulated results during the forty days of observation. These values corroborate those found by Hsiao et al. (2009 ), Farahani et al. (2009 and Zeleke et al. (2011) , who reported that the AquaCrop model tends to overestimate SWC for maize, cotton and canola crops, respectively. In contrast, other studies have shown that the AquaCrop model underestimated SWC for maize (Mebane et al., 2013; Biazin and Stroosnijder, 2012) and wheat crops (Iqbal et al., 2014; Mkhabela and Bullock, 2012) . According to Ahmadi et al. (2015) , one of the main reasons for this variation of results is the model's failure in considering the great soil heterogeneity in the field. Therefore, using the same physical set of soil and water data is a potential source of substantial uncertainty in the SWC modeling. According to Gervais et al. (2010) , the underestimation of W with high soil water contents by AquaCrop is probably caused by the model that does not allow soil water content to remain above field capacity (FC) for consecutive days. Raes et al. (2011) , reported that AquaCrop model predicts saturated soils drain to reach FC in a short period of time. The same authors also reported that the AquaCrop model does not have a mechanism to deal with the sudden inflow of water into the system, i.e., a capillary ascension sub-routine has not yet been implemented. Considering the crop cycle, it was observed that in plots irrigated with 25 and 20% of ETc, the soil water content remained 29.9 and 12% (observed values) below readily available water (RAW), respectively. These characterized water stress in treatments and the observed soil water content remained above RAW in areas irrigated with 100, 125 and 150% of ETc. The AquaCrop model has accurately predicted the application cycles and evaporation of soil water due to irrigation events, but tended to underestimate the SWC, particularly in irrigation-deficient plots (Farahani et al., 2009; Hussein et al., 2011; Paredes and Torres, 2016) . Geerts et al. (2009) reported that when the soil water content simulation is accurately predicted, the crop evapotranspiration estimate is satisfactory for the soil water balance using the AquaCrop model. The model performance statistics showed high agreement simulations (0.97 <"d" <0.99) in plots irrigated with the 25, 50, 75, 100, 125, and 150% of Etc, when compared to observed values ( Figure 1 ). The correlation was strong in all treatments (25, 50, 75, 100, 125 and 150% of ETc) with 0.61 ≤ r ≤ 0.75. RMSE ranged from 8 to 17 mm, corresponding to 8.1 to 12% of the total soil water storage.
Dry biomass and grain yield
The experimentally obtained and simulated biomass accumulation by the AquaCrop model along with crop cycle are presented in Figure 2 . The model calibration was carried out with data from bean crop irrigated with 100% of ETc, since for this amount of irrigation, water requirements were adequately supplied, with no water stress due to water deficit or excess water (Magalhães et al., 2017) . According to Andarzian et al. (2011) , these factors are fundamental for the model parameterization. Data from the other treatments (25, 50, 75, 125 and 150% of ETc) were used in the validation stage of the model in relation to biomass (Table 4 ). The model reached final biomass production in all irrigation depths. The model presented biomass underestimation of 2% from the R5 phase (beginning of flowering), with irrigation depth corresponding to 25% ETc. The AquaCrop model overestimated biomass accumulation for the other irrigation depths (50, 75, 100, 125 and 150% of ETc) in the development stages of the bean crop between the emergence of primary leaves (V2) and filling of pods (R8). However, between R8 and R9 (physiological maturation), simulated and observed values showed average variation of 5.6% for biomass, with no significant differences for evaluated data. The greatest difference between experimental and simulated data was 19% which observed in treatments irrigated with 25%. The lowest difference was 0.75% and Salemi et al. (2011) and Du et al. (2011) with wheat crop, observing increases in biomass accumulation as a function of the elevation of rainfall indexes in different regions and years of study. The 75% of ETc was underestimated for the total dry biomass accumulation in relation to the deviation percentage of 0.65%, which represented; therefore, high correlation between simulated and observed values. For 100 and 125% of ETc, the model overestimates the dry biomass accumulation values, which is due to the increment of the water content in the system, resulting in the total biomass overestimation. At 60 DAS, the values observed in field were 3.88 and 4.04 t ha -1 , for the two respective levels, while simulations generated by the AquaCrop model were 4.08 and 4.10 t ha-1, resulting in mean deviation percentages of 5.14 and 1.44% for 100 and 125% of ETc, respectively. The use of 100% of ETc is justified because water is a limiting factor for crop development, overcoming the radiation availability for the study region (Monteith, 1977) . The 150% of ETc presented lower variation of the mean deviation percentage when compared to the other five levels. In this case, the simulated data was underestimated by 0.50%, compared to observed, demonstrating high concordance between values measured in the field and those simulated by the model in potential water conditions. According to Steduto et al. (2007) , the model is based on the conservative behavior of WP, which is the relationship between biomass production and transpiration. In this study, as there was no water restriction, transpiration decreased and biomass accumulation increased. The simulated and observed total biomass accumulation and grain yield values were submitted to statistical tests to calibrate and assess the validity of the AquaCrop model for bean crop submitted to six irrigation levels considering the crop evapotranspiration in the region of Rio Largo, AL (Table  4 ).
Comparison of total simulated with total oserved biomass showed average deviation of 5%, representing high concordance among results, with values varying from -18.9 to 5.1. These results corroborate with Biazin and Stroosnijder (2012) , who reported positive deviations of up to 17.7% for final biomass, while Hsiao et al. (2009) obtained deviations ranging from -20.6% to 21.9%. According to Marin (2014), a source of uncertainties related to the calibration process is that the values of parameters required by the model are usually modified from suggested reference values in the model distribution, or from literature or even from previous studies with the same model conducted not always under the same contour conditions. Analysis of biomass accumulation in the six irrigation treatments showed minimum difference of variation in plots irrigated with 150% of ETc with -0.50% and maximum irrigation with 25% of ETc (-18.88%), indicating high sensitivity of the model to the water conditions of the study region, plus being correlated with variations in water levels. Araya et al. (2010) evaluated the performance of the AquaCrop model and found maximum deviation for biomass of 8.5% similar to that observed in the present study. However, there were underestimates of 18.9, 3.4, 0.6 and 0.5% in areas irrigated with 25, 50, 75 and 150% of ETc, respectively. According to Hsiao et al. (2009) Biazin and Stroosnijder (2012) , who reported 11.8% deviation for the final grain yield, studying water conservation. The regression analyses of simulated and observed biomass accumulation of the six irrigation levels applied in bean crop are graphically represented in Figure 3 . Vanuytrecht et al. (2014) reported that even though the model has already been tested and applied in several regions, efforts are continually being made to further improve water productivity and use simulations, introducing new concepts and equations into the model without compromising its simple approach and transparency of simulation. Ahmadi et al. (2015) advise that in the next versions of AquaCrop, changes should be made to the basic crop development and growth equations to fill the small gaps of the model. In this sense, Raes et al. (2009) reported the importance of the model to simulate small time intervals, proving to be very useful to study the effect of specific events in a specific parameter. This type of production is essential to understand the responses of crops to environmental changes. Paredes et al. (2014) and Shrestha et al. (2013) confirm the importance of possible changes among irrigation levels, soil water potential and soil water components that affect canopy development, leaf production and senescence.
Materials and methods
Plant materials
The AquaCrop model was evaluated with data from an experiment carried out between 11/17/2015 and 02/01/2016, at the Agricultural Sciences Center of the Federal University of Alagoas (CECA / UFAL), located in the municipality of Rio Largo, Alagoas State (AL) (9 ° 29 '45 "S, 35 ° 49' 54" W and 127 m a.s.l.), Northeastern Brazil. According to Thornthwaite and Matter's classification, the climate of the region is humid and megathermal, with moderate water deficit in the summer and excess water in the winter. The mean annual air temperature is 25.4°C and the mean annual precipitation around 1800 mm, with 70% of rainfall concentrated between April and August (Souza et al., 2005; Ferreira Junior et al., 2014) . According to the analysis of the Department of Soil of CECA / UFAL, the soil was characterized as an Argisolic Yellow Latosol, with clayey texture and slope less than 2% (Table 1) . Meteorological data of the experimental period were obtained from the automatic agrometeorological station (Micrologger -21 CR 1000, Campbell Scienntifc, Logan, Utah) of the Department of Agrarian Sciences, 30 m away from the experimental area. At 10-minute intervals, the following meteorological elements were measured: air temperature (T, ° C), relative air humidity (RH, %), wind speed at 2 m of height (u2, m s-1) and rainfall (P, mm). The climate archive was created based on meteorological variables, which in turn served as input for model simulations.
Planting, statistical design and treatments
The variety of common bean used in the experiment was crioula rosinha, with indeterminate growth habit (type II); erect posture; average cycle of 78 days; average of 34 days for flowering; white flower; green pod, slightly pink in maturation and pigmented pod in harvest (Araújo and Teixeira, 2012) . Seeding was performed manually, with three seeds per pit at spacing of 0.50 m between rows and density of 13 to 15 plants per linear meter, which totaled a final stand of 250,000 plants per hectare. At 15 days after sowing (DAS), pruning was performed, leaving one plant per pit. The total experimental area was 1920 m 2 . The experimental design was randomized block with four replicates. Treatments were composed of six levels of irrigation on the basis of crop evapotranspiration (ETc) fractions (25%, 50%, 75%, 100%, 125% and 150% of ETc). All treatments received the same irrigation depths in the initial period (15 DAS). Observations and field measurements included the dates of each crop development stage (Table  2) , as classified by the FAO56 bulletin (Allen et al., 1998) . The time required to start the AquaCrop modeling was defined when 90% emergence occurred ). The Kc recommended by FAO was adopted (Allen et al., 1998) , whose values are 1.1 and 1.2 for the vegetative and reproductive phases, respectively, which were then adjusted to the meteorological conditions and crop characteristics during the experimental period. The ETc values were calculated by Equation 1:
Where; ET0 is the reference evapotranspiration estimated by the Penman-Monteith method (Allen et al., 1998) .
In the bean crop irrigation, system consisting of microsprinkler with spacing of 2 x 2.5 m, service pressure of 137.2 kPa, with average flow of 50 L h-1 per emitter and application intensity of 5.06 mm h-1 was adopted. Soil water content in the root zone (SWC, mm) was measured every 10s and the mean recorded every thirty minutes using Time Domain Reflectometry (TDR), (CS616, Campbell Scientific, Logan, Utah) connected to a CR1000 data acquisition system. Probes were vertically positioned in the soil, distant 0.15 m from plants and within central rows, at 0-0.30 m depth, according to methodology used by Rocha et al. (2014) .
AquaCrop description
For simulation, four input archives were used: 1) climatic archive: minimum and maximum air temperature, ET0, rainfall and CO2; 2) crop archive: time of emergence, maximum canopy coverage, beginning of senescence and maturity; 3) irrigation archive and 4) archive with the initial soil water conditions. The water productivity used by the crop (WP) is considered constant for a given climate and crop and can be grouped for C3 crops between 15 and 20 gm -2 and 30 and 35 gm -2 for C4 crops ). The WP parameter in the model is standardized to make the model applicable to various locations and seasons, including future climate simulations Hsiao et al., 2009) . Grain yield (GY) is calculated as the product of biomass (B) and harvest index (HI) as shown in equations 2 and 3. HI is simulated by a linear increase over time, from flowering to physiological maturation ):
GY=B HI
(2) B=K_SB WP ∑(T_r/ET_0 )
Where; WP is the water yield (g m -2 ) adjusted for atmospheric CO2 concentration, synthesized products and soil fertility, Ksb is an adjustment factor for air temperature as a function of degree-days, Tr is the real crop transpiration and ET0 is the reference evapotranspiration .
AquaCrop calibration and validation
The AquaCrop model was calibrated for bean crop, taking as reference soybean crop for the conservative parameters of the model, because both belong to the Fabaceae family. Singels et al. (2008) reported that most mechanistic models require a set of data and / or crop parameters, and are divided into three types: ecotypes, varieties and species. However, only parameters of ecotypes and varieties must be adjusted by the model user.
To feed and calibrate the archive with the crop parameters, one linear meter of plants were collected every 10 days for biometric and destructive analyses, where stem, leaves and pods partition was performed. AquaCrop was calibrated for common bean during the dry season (October to March) in the 2015/2016 harvest season using experimental data for 100% of ETc because it presented conditions with greater expressiveness of the variety yield potential. Then, it was validated with experimental data from the other irrigation depths. Further details on this study are described in Magalhães et al. (2017) . The simulated results of SWC, canopy coverage, biomass and grain yield were compared with results observed in each treatment. For this purpose, input data of the model described in Table 3 were used. Calibrated data were mainly adjusted for biomass and grain yield and then ratified for the soil water content. Likewise, Garcia- Vila et al. (2009) calibrated the AquaCrop model for biomass and then adjusted with crop evapotranspiration (soil water content) and yield for cotton.
Model performance
The model performance was evaluated based on the root mean square error (RMSE), Willmott's index of agreement (d) (Willmott, 1982) , Pearson's correlation coefficient (r) and percentage deviation (D), according to the following equations:
RMSE= [N^(-1) ∑_(i=1)^N(s_i-o_i )^2 ]^0.5 (4) d=1-[(∑_(i=1)^N(S_i-O_i )^2 )⁄(|S_i^' |+|O_i^' |)^2 ] (5) r=(∑〖O_i S_i-(∑O_i ∑S_i )/N〗)/√((∑〖O_i^2-(∑O_i )^2/N〗 )(∑〖S_i^2-(∑S_i )^2/N〗) ) (6) D=(S_(i )-O_(i ) )* 100/O_i (7) Where; Si and Oi indicates simulated and observed values, respectively; N is number of observations for all statistical indexes; Si' and Oi' indicates deviations from the average. The root means square error (RMSE) synthesizes the mean difference between observed and estimated values. The closer the RMSE is to zero, the better the model simulation performance. The concordance index (d) expresses the accuracy of estimated values in relation to those observed. It varies from zero, which indicates null, to 1, which indicates perfect concordance. The r expresses the degree of linear association between two random variables, that indicates to what extent the values of one variable are related to the values of another variable.
Conclusion
The model shows good performance between observed and simulated values of soil water content, dry biomass and yield in several water conditions and can assist in decision making and water management in irrigated crops. The AquaCrop model estimates accumulated biomass and grain yield more efficiently in irrigated crops without water restriction.
